Environmental contamination by toxic heavy metals is a serious worldwide phenomenon. Thus, their removal is a crucial issue. In this study, we found an efficient adsorbent to remove Cu 2+ and Ni 2+ from aqueous solution using two materials. Chemical modification was used to obtain palygorskite clay from diatomite. The adsorbents were characterized using X-ray florescence, Fourier transform infrared spectroscopy and X-ray diffraction. The effects of contact time, initial concentration, temperature and pH on the adsorption process were investigated. Our results showed that the (%) of maximum adsorption capacity of diatomite was 78.44% for Cu 2+ at pH 4 and 77.3% for Ni 2+ at pH 7, while the (%) of the maximum adsorption on palygorskite reached 91% for Cu 2+ and 87.05% for Ni 2+ , in the same condition. The results indicate that the pseudo-second-order model can describe the adsorption process. Furthermore, the adsorption isotherms could be adopted by the Langmuir and the Freundlich models with good correlation coefficient (R 2 ). Thus, our results showed that palygorskite prepared from Tunisian diatomite is a good adsorbent for the removal of heavy metals from water.
Introduction
Heavy metal ions play a very important role in certain industries due to their technological importance. However, they pose serious dangerous effects because they are persisting in the environment. In addition, metal ions have a chronic toxicity, persistency and accumulation tendency in body tissues. For example, copper is known as the highest mammalian toxic specie; its inhalation is linked with an augmentation in lung cancer and its accumulation in the vital organs causes many diseases and disorders [1] . It is widely used in ornamental ponds and in water supply reservoirs. Nickel is recognized as the most recalcitrant pollutant. It is not biodegradable and can cause dermatitis, allergic sensitization, respiratory distress and dizziness. It is extensively used in electroplating, zinc base casting, battery industries and silver refineries. Thus, the removal of Cu 2+ and Ni 2+ is considered of high importance. Traditional methods were applied for heavy metals elimination such as ion exchange, chemical precipitation, membrane filtration, biological treatment and adsorption [2, 3] . Among all these technologies, adsorption is the most useful method due to its efficiency and lower cost. For this purpose, many researchers used various kinds of low-cost and natural adsorbents, such as coconut coir Finally, the resulting material was filtered and rinsed with HCl and distilled water several times and then dried into a vacuum oven at 100 • C for 24 h.
The preparation of palygorskite from treated diatomite was carried out using the procedure reported in literature [12] [13] [14] [15] : 3 g of treated diatomaceous earth was mixed with 5 mL of 1 M of MgCl 2 under ultrasonic vibration for 30 min. Then, 1 M of FeCl 3 was added to the mixture. After 1 h, 50 mL of 2 M NaOH was added slowly under continuous agitation for 24 h. Lastly, the mixture was filtered and washed with distilled water several times to remove Cl − . The final sample was oven dried at 100 • C for 24 h.
Kinetics Batch Experiments
The experiments were conducted in 250 mL Erlenmeyer flasks containing 0.5 g of adsorbent and 50 mL of copper(II) ornickel(II) solutions, varying the concentrations from 40 to 100 mg/L. The flasks were agitated on a shaker at 300 rpm and room temperature. Samples were taken at predetermined time intervals (0, 5, 10, 15, 20, 30, 40, 60 , 90 and 180 min) to determine the residual metal ion concentrations in the solution. The pH solution was adjusted using NaOH (0.1 M) and HCl (0.1 M). The solution was filtered through a 0.22 µm membrane filter.The concentration of heavy metals ions remaining in each solution was determined by spectrophotometry using the following calorimetric method: 10% of ethylenediaminetetraaceticacid (EDTA) was added to the Cu 2+ suspension to form a blue specific complex [16, 17] and 1% of dimethylglyoxime (DMG) was added for the Ni 2+ solution; this reagent forms a red complex [18, 19] . The absorbance was measured after 30 min at 750 nm and 465 nm for Cu 2+ and Ni 2+ , respectively. The adsorption of the two metallic ions was carried out on diatomite and palygorskite under the same conditions. The thermodynamic parameters were established by studying the adsorption of the two metallic ions, varying the temperature from 25 • C to 45 • C. The adsorption capacity at the equilibrium was calculated using Equation (1):
where C o : the initial concentration (mg/g) C t : the concentration at time t (mg/g) m: the mass of adsorbent (mg) V: the volume of solution (mL)
Analysis
The raw and purified diatomite was analyzed by powder XRD via a PANalytical CubiX 3 diffractometer using CuKα (λCuKα-media = 1.5418 Å, λCuKα1 = 1.54060 Å, λCuKα2 = 1.54439 Å) radiation (operating at 40 kV and 40 mA) over the angular range of 5-70 • 2θ (step size = 0.04 and time per step = 353 s) at room temperature.
The chemical composition of the diatomite sample (before and after the treatment) was measured by XRF technique using PANalytical AXIOS (WDXRF) spectrometer (Almelo, the Netherlands).
Diatomite and palygorskite were characterized by attenuated total reflectance, FTIR spectroscopy (ATR-FTIR, PerkinElmer Spectrum, London, UK) in the range from 450 to 4000 cm −1 with a resolution of 8 cm −1 . Diatomite and palygorskite were characterized by attenuated total reflectance, FTIR spectroscopy (ATR-FTIR, PerkinElmer Spectrum) in the range from 450 to 4000 cm −1 with a resolution of 8 cm −1 .
Results and Discussions

Characterization of Adsorbents
XRF Studies
The chemical composition of the samples was obtained by X-ray florescence (XRF) technique (Almelo, the Netherlands). Table 1 shows that the raw material contains low quantities of SiO 2 (29.60%) with small quantities of other minerals components. However, the amount of silica increased to 78.83% after using HCl solution. These results of XRF analysis are in agreement with those reported by Li and coauthors, although the diatomite was from different sources containing mainly SiO 2 with percentage ranging from 62.8 to 90.1% [20] .
In general, the quantities of SiO 2 on palygorskite do not exceed 60% [21] . As shown in Table 1 , after the modification, the amount of SiO 2 decreased to 33.5% while the quantity of mineral compounds such as MgO increased to 9.71%. Similar results were found in a previous analysis of two natural Algerian palygorskites which contained 39.314 and 7.930% of SiO 2 and MgO, respectively, for the first form of palygorskite and 40.317% (SiO 2 ) and 8.876% (MgO) for the second form of clay [22] . Figure 1 shows the diffractrogram of the 3 samples determined by X-ray diffraction. The analysis of the raw material confirmed that the latter containeds mall quantities of silica with different mineral components. Three mineral phases were identified: the calcite CaCO 3 , dolomite CaMg(CO 3 ) 2 and Ca 5 (PO 3 ) 4 (OH,F,Cl) in the region 20-25 • 2θ. Thus, this sample corresponds to a diatomite that is not pure, however, it contains large amounts of other minerals according to the existence of different kinds of clay minerals (palygorskite, sepilite and smectites).
As shown in Figure 1a , the characteristic peaks of treated diatomite were 21.76, 26.66 and 31.96. Thus three crystalline polymorphs of silica were identified as SiO 2 (cristobalite, tridymite and quartz) and the sample contained significant amounts of amorphous (noncrystalline) material and kept the quantities of mineral clays after treatment (the small peaks at low values of 2θ). Then, the acid solution has eliminated carbonates, calcite and dolomite, as well as apatite; however, it did not remove clays such as palygorskite [23] . Figure 1b shows the new sample was a complex mixture of amorphous material with a set of minerals: The SiO 2 still existed under its three allotropic forms. The typical diffraction peak in 2θ = 8.57 can confirm the presence of the palygorskite plane crystal face [24] . The peaks in 2θ = 2 1.93, 29.58 and 32.20 indicate a monoclinic symmetry with Ce/m space group [25] . The diffractrograms confirmed that the palygorskite type Mg 5 (Si,Al) 8 Figure  2) . The peak at 876 and 1431cm −1 confirmed the presence of calcite in the raw diatomite. As shown in Figure 2 , two absorption peaks at 3328 cm −1 and 1658 cm −1 were related to the O-H vibration of the physically absorbed H2O and structural hydroxyl groups were recorded [26] . The other two vibrations at around 1023 cm −1 and 465 cm −1 were related to the asymmetric stretching vibration mode of siloxane (Si-O-Si) [27] . The peak at 786 cm −1 was attributed to Al-O-Si stretching vibration according to the clay minerals in diatomite [28] .
The most changes resulting after treatment was the disappearance of the two bands at 875 and 1431 cm −1 .
The strong band around band at 3395 cm −1 was attributed to the hydroxide stretching of Mg/Fe-OH [29] of the surface of the sample. In addition, the appearance of two peaks at 1642 and 1480 cm −1 confirms the coordination with Mg. Furthermore, the band at 1029 cm −1 corresponds to the Si-O-Si stretching and the peak at 1329 cm −1 corresponds to the stretching vibration of Al-O-Si. The peak at 876 and 1431cm −1 confirmed the presence of calcite in the raw diatomite. As shown in Figure 2 , two absorption peaks at 3328 cm −1 and 1658 cm −1 were related to the O-H vibration of the physically absorbed H 2 O and structural hydroxyl groups were recorded [26] . The other two vibrations at around 1023 cm −1 and 465 cm −1 were related to the asymmetric stretching vibration mode of siloxane (Si-O-Si) [27] . The peak at 786 cm −1 was attributed to Al-O-Si stretching vibration according to the clay minerals in diatomite [28] .
The strong band around band at 3395 cm −1 was attributed to the hydroxide stretching of Mg/Fe-OH [29] of the surface of the sample. In addition, the appearance of two peaks at 1642 and 1480 cm −1 confirms the coordination with Mg. Furthermore, the band at 1029 cm −1 corresponds to the Si-O-Si stretching and the peak at 1329 cm −1 corresponds to the stretching vibration of Al-O-Si. . The peak at 876 and 1431cm −1 confirmed the presence of calcite in the raw diatomite. As shown in Figure 2 , two absorption peaks at 3328 cm −1 and 1658 cm −1 were related to the O-H vibration of the physically absorbed H2O and structural hydroxyl groups were recorded [26] . The other two vibrations at around 1023 cm −1 and 465 cm −1 were related to the asymmetric stretching vibration mode of siloxane (Si-O-Si) [27] . The peak at 786 cm −1 was attributed to Al-O-Si stretching vibration according to the clay minerals in diatomite [28] .
The strong band around band at 3395 cm −1 was attributed to the hydroxide stretching of Mg/Fe-OH [29] of the surface of the sample. In addition, the appearance of two peaks at 1642 and 1480 cm −1 confirms the coordination with Mg. Furthermore, the band at 1029 cm −1 corresponds to the Si-O-Si stretching and the peak at 1329 cm −1 corresponds to the stretching vibration of Al-O-Si. 
Adsorption Kinetics
Effect of Contact Time and Initial Concentration of the Adsorption of Copper and Nickel by Treated Diatomite and Palygorskite
The contact time is an important factor affecting the adsorption process. The experiment was carried out in 50 mL of solution with 0.5 g of adsorbents at 25 • C. The effect of contact time on copper and nickel removal by the two samples is shown in Figure 3 . It is clear that the removal efficiency of 100 mg/L of Cu 2+ solution was a rapid process and reached 73% and 85.44% on diatomite and palygorskite, respectively, within the first 20 min. In addition, an increase of the contact time favored the increase of Cu 2+ removal to 78.44% on diatomite and 91% on palygorskite when the adsorption process reached equilibrium after 90 min. The adsorption process of Ni 2+ occurredin two different phases: fast phase from 0 to 20 min and slow phase after 20 min. The removal capacity of diatomite was 67.96% before 20 min and increased to 77.3%; however, the (%) of adsorption capacity was, in the first phase, 79.58% on palygorskite and increased in the second phase to 89.97%. This fact is due to the decrease of the available sites due to the saturation of the adsorbent surface by the metal. Moreover, Figure 4 shows that the (%) of the removal of metallic ions was strongly dependent on the initial concentration of Cu 2+ and Ni 2+ ions. The effect of initial metal concentration on the (%) of the adsorption process was carried at room temperature and the initial pH chosen was 4 for Cu 2+ and 7 for Ni 2+ . The results indicate that the adsorption capacity of diatomite and palygorskite increased positively with the initial concentration of the metal ion. Thus, this increase is due to the presence of the driving force of concentration allowing an increase of the residence between the adsorbent and solution [30] . As observed in a previous study, the adsorption of Cu 2+ on three materials (chitin (CH), chitosan (CS) and chitosan-ethylenediaminetetra-acetic acid (CS-EDTA)) occurs in two steps: rapid step from 0 to 30 min and slow step after 30 min. The adsorption capacity of CS-EDTA was 110 mg/L, Cs 67 mg/L and CH 58 mg/L for the same concentration of Cu 2+ (300 mg/L) [31] . In other work, the effect of contact time on of the removal of 20 mg/L of Mn 2+ , Fe 2+ , Ni 2+ and Cu 2+ on activated carbon obtained from cow bone was studied and the removal increased with time and reached a maximum after 20 min of agitation for the four heavy metals ions [32] .
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Comparative Experiment
To avoid the precipitation of the metal ions at pH 6 for Cu 2+ and 8for Ni 2+ and to compare the capacity adsorption of diatomite and clay, the initial solution pH was adjusted at 4 (Cu 2+ ) and 7 (Ni 2+ ). The maximum adsorption capacities of diatomite were 38.093 mg/g (Cu 2+ ) and 28.65mg/g (Ni 2+ ) and increased, in the same condition, to 44.06 mg/g (Cu 2+ ) and 34.23mg/g for (Ni 2+ ) forpalygorskite. The results indicate that palygorskite is the most efficient. The comparison between ourresults and adsorption capacities of materials reported in the literature is important despite the difficulties related to the differencein experimental conditions. For example, in previous work, it was demonstrated that zeolite and clay are moreefficient then diatomite for the removal of Cu 2+ with adsorption capacities 0.128, 0.096 and 0.047 mmol/g at pH5 for zeolite,clay and diatomite, respectively [33] . In other work, the adsorption of Cu 2+ and Ni 2+ was studied on two different adsorbents (palygorskite and vermiculite); the maximum adsorption on palygorskite was 12.53 mg/g (Cu 2+ at pH 5.10) and 11.57 mg/g (Ni 2+ at pH 4.85), however, the maximum adsorption increased using the vermiculite as adsorbent (32.68 mg/g for Cu 2+ and 37.85 mg/g for Ni 2+ ) [34] . 
Effect of pH
Comparative Experiment
To avoid the precipitation of the metal ions at pH 6 for Cu 2+ and 8for Ni 2+ and to compare the capacity adsorption of diatomite and clay, the initial solution pH was adjusted at 4 (Cu 2+ ) and 7 (Ni 2+ ). The maximum adsorption capacities of diatomite were 38.093 mg/g (Cu 2+ ) and 28.65 mg/g (Ni 2+ ) and increased, in the same condition, to 44.06 mg/g (Cu 2+ ) and 34.23 mg/g for (Ni 2+ ) forpalygorskite. The results indicate that palygorskite is the most efficient. The comparison between ourresults and adsorption capacities of materials reported in the literature is important despite the difficulties related to the differencein experimental conditions. For example, in previous work, it was demonstrated that zeolite and clay are moreefficient then diatomite for the removal of Cu 2+ with adsorption capacities 0.128, 0.096 and 0.047 mmol/g at pH5 for zeolite,clay and diatomite, respectively [33] . In other work, the adsorption of Cu 2+ and Ni 2+ was studied on two different adsorbents (palygorskite and vermiculite); the maximum adsorption on palygorskite was 12.53 mg/g (Cu 2+ at pH 5.10) and 11.57 mg/g (Ni 2+ at pH 4.85), however, the maximum adsorption increased using the vermiculite as adsorbent (32.68 mg/g for Cu 2+ and 37.85 mg/g for Ni 2+ ) [34] .
Effect of pH
The pH value of the aqueous solution is a significant parameter in the adsorption process. Thus, the dependence of the adsorption process on pH is due to the consumption of the metallic ion as metal hydroxide ion pairs or precipitates and the competition between the hydrogen ions and the metal for the active sites on the surface. Moreover, the mechanism of adsorption at the surface of the adsorbent can reflect the nature of physicochemical interactions between the metal ions and the active sites of diatomite or palygorskite in the solution. In order to determine the effect of pH, the experiments were performed at different initial pHs ranging from 2 to 11. The analysis of the results, presented in Figure 5 , shows that the adsorption capacity of the two materials reached a maximum at pH = 7 for Ni 2+ and at pH = 5 for Cu 2+ . The experiments show that the optimum pH was 6 for Ni 2+ and 4 for Cu 2+ , since the copper ions precipitate as hydroxide Cu (OH) 2 at pH > 4 and the nickel ions precipitate as hydroxide Ni(OH) 2 at pH > 7. Thus, the precipitation of copper hydroxide and nickel hydroxide caused a decrease of the adsorption capacity and their removal from solution at these pHs is not due to the adsorption process. Comparing to previous work of the adsorption of Ni 2+ and Cu 2+ by γ-alumina nanoparticles, the optimum pH was 6 for Ni 2+ and 5 for Cu 2+ and it was demonstrated that the adsorption capacity increased with the pH, which is not due to the adsorption process [35] . In other work about the adsorption of heavy metals on natural iron-oxide-coated sand, it was demonstrated that the optimum pH was 7 for Ni 2+ and 5 for Cu 2+ ; the effects of pH changes were explained by the type of the adsorbent, its behavior in the solution and the type of adsorbed ions [36] . The pH value of the aqueous solution is a significant parameter in the adsorption process. Thus, the dependence of the adsorption process on pH is due to the consumption of the metallic ion as metal hydroxide ion pairs or precipitates and the competition between the hydrogen ions and the metal for the active sites on the surface. Moreover, the mechanism of adsorption at the surface of the adsorbent can reflect the nature of physicochemical interactions between the metal ions and the active sites of diatomite or palygorskite in the solution. In order to determine the effect of pH, the experiments were performed at different initial pHs ranging from 2 to 11. The analysis of the results, presented in Figure 5 , shows that the adsorption capacity of the two materials reached a maximum at pH = 7 for Ni 2+ and at pH = 5 for Cu 2+ . The experiments show that the optimum pH was 6 for Ni 2+ and 4 for Cu 2+ , since the copper ions precipitate as hydroxide Cu (OH)2 at pH > 4 and the nickel ions precipitate as hydroxide Ni(OH)2 at pH > 7. Thus, the precipitation of copper hydroxide and nickel hydroxide caused a decrease of the adsorption capacity and their removal from solution at these pHs is not due to the adsorption process. Comparing to previous work of the adsorption of Ni 2+ and Cu 2+ by γ-alumina nanoparticles, the optimum pH was 6 for Ni 2+ and 5 for Cu 2+ and it was demonstrated that the adsorption capacity increased with the pH, which is not due to the adsorption process [35] . In other work about the adsorption of heavy metals on natural iron-oxide-coated sand, it was demonstrated that the optimum pH was 7 for Ni 2+ and 5 for Cu 2+ ; the effects of pH changes were explained by the type of the adsorbent, its behavior in the solution and the type of adsorbed ions [36] . 
Effect of Temperature
Several previous studies have investigated the effect of temperature on heavy metal uptake. In this study, the removal of Cu 2+ and Ni 2+ from aqueous solution using diatomite and palygorskite has been investigated at three different temperatures ranging from 25 to 45 • C.As noted, the Cu 2+ and Ni 2+ adsorption decreased as the temperature increased. This decrease with temperature can be due to the weakening of attractive forces between metal ions and adsorbent.
Stimulation Modeling of Adsorption Data
In the present study, the pseudo-first-order kinetic and pseudo-second-order kinetic were used for the interpretation of the kinetic batch experiment. The equation of the pseudo-first-order model proposed by Lagergren [37] can be written as follows:
log q e − q t = −k 1 tlogq e (2) where: q t : the amount of solute adsorption at different time k 1 : the constant of pseudo-first-order model q e : the equilibrium adsorption capacity The equation of the pseudo-second-order model equation as given by Ho and McKay [38] can be expressed as:
where: q t : the amount of solute adsorption at different time q e :the equilibrium adsorption capacity k 2 (g/mg min): the rate constant of pseudo-second-order adsorption The results reported in Table 2 show that the coefficient of correlation (R 2 ) of the pseudo-second-order model is close with 1 and the values of q e calculated agreed with the value of q e experimental. However, the results of the pseudo-first-order model are completely different with coefficient of correlation far then the unity and the two values of q e calculated and q e experimental are different. These values evidence that the pseudo-second-order model is valid to describe the kinetic adsorption of Cu 2+ and Ni 2+ on diatomite and palygorskite [39] . 
Adsorption Isotherms
In our work, Langmuir and Freundlich models were checked to quantify the adsorption capacity of diatomite and palygorskite.
Langmuir Isotherm
The Langmuir model is an indication of a monolayer adsorption onto homogeneity of the surface of adsorbents with identical sites. It can be expressed by the equation as follows:
where q e : quantity adsorbed at equilibrium C e : the concentration of metals adsorbed at equilibrium q m : constant related to the area occupied by a monolayer of adsorbate reflecting the adsorption capacity (mg/g) K l : Langmuir constant
Freundlich Isotherm
The Freundlich model is available for a multilayer gas adsorption onto heterogeneityof the surface of adsorbents without uniform distribution of adsorption energy and affinities.
The Freundlich equation model is given as follows:
log q e = logK f + 1 n logC e (5) where: q e : quantity adsorbed at equilibrium Ce: concentration at equilibrium K f : Freundlich constant The values calculated from those two models arelisted in Table 3 . The adsorption of copper and nickel was well represented by the Langmuir isotherm with a coefficient of correlation close to 1. As shown in Table 3 , the value of maximum adsorption capacity on diatomite q m calculated was 111.10 mg/g and 90.91 mg/g for Cu 2+ and Ni 2+ , respectively and on palygorskite, it was 333.33 mg/g for Cu 2+ and 166.67 mg/g for Ni 2+ . Those values are higher than q m calculated in a previous study [40] where the maximum adsorption capacity of copper on acid-activated palygorskitewas 93.02 mg/g. Petra et al. found q m 295 mg/g for the adsorption of Cu 2+ on activated saponite and 129 mg/g for Ni 2+ on the same adsorbent [41] . In addition, Igherase and coworkers [42] demonstrated that the maximum adsorption capacity of Cu 2+ on polyaniline-grafted chitosan was 83.30 mg/g. Senthil Kumar [43] reported a maximum adsorption capacity of cashew nutshell of 18.868 mg/g. Furthermore, the q m of the barley straw for the biosorption of nickel was 35.8 mg/g [44] . The biosorption of nickel using waste pomace from an olive oil factory was also low based on the value q m , which was 14.8 mg/g [45] . Compared with these adsorbents, it is clear that palygorskite prepared from diatomite has a good adsorption capacity. The high value of q m can be due to the homogeneous distribution of high-energy sites on the surface of the adsorbents. As given in Table 3 , the value of K L (diatomite) was higher than K L of palygorskite, indicating the lower affinities of the surface of diatomite than the surface of palygorskite. The value of n, calculated from the Freundlich equation, is superior then 1 indicates that the adsorption is favorable and the high values of K f indicate a very high adsorption capacity for copper and nickel adsorption in aqueous solution. 
Thermodynamic Studies
The effect of temperature was investigated from 25 • C to 45 • C on the removal efficiency of the adsorbents using 100 mg/L of Cu 2+ and 80 mg/L of Ni 2+ . The adsorption capacities of these two adsorbents decreased with increasing temperature. The decrease of uptake of copper and nickel ions at a higher temperature indicated the exothermic adsorption. The thermodynamic parameters, such as ∆G • , ∆H • and ∆S • ,were determined to evaluate the effect of temperature, using the following equations:
where: K c : the equilibrium constant C ads : the adsorbent phase concentration at equilibrium (mg/L) C e : the equilibrium concentration in solution (mg/L) R: the universal gas constant (KJ/mol K) T: the solution temperature (K) The thermodynamic parameters are shown in Table 4 . The values of ∆H • (KJ·mol −1 ) and ∆S • (KJ·mol −1 ) were obtained from the slope and intercept of a plot of lnK d versus 1/T. In general, the change of free energy for the physisorption is in the interval (−80-0) KJ·mol -1 and the chemisorption is in the interval (−400-80) KJ·mol -1 . In our study, the values of ∆H • are in the interval (−80-0) KJ·mol -1 , indicating a physical adsorption process. It can be seen from Table 4 that ∆H • values are negative, thus the distribution coefficient values K d increased with the increase of temperature, which shows the exothermic nature of the adsorption involving low "van der Waals" attraction forces type and confirms the decrease of the adsorption capacity of metal when the temperature increases [46] . In addition, the values of ∆S • were negative, corresponding to a decrease in the degree of freedom of adsorbed species and shows the decrease in the randomness at the solid-solution interface of Cu 2+ and Ni 2+ onto the palygorskite and diatomite surface, which would cause a decrease in entropy during the adsorption process. Furthermore, the values of ∆S • for the adsorption of Ni 2+ onto palygorskite and diatomite for the two metals ions from 25 • C to 45 • C are negative, indicating a spontaneous and favorite adsorption process. However, the values of ∆G • are positive at 35 and 45 • C for the adsorption of Cu 2+ , indicating that the adsorption was not favorite and not spontaneous [47] . 
Conclusions
In this study, diatomaceous earth was used to prepare palygorskite clay. The characterization of modified diatomite confirms that palygorskite was prepared successfully. These two mineral adsorbents were used for copper and nickel removal in aqueous solution and compared. The results and the parameters obtained indicated that palygorskite clay is able to remove Cu 2+ and Ni 2+ ions. Moreover, the removal of metal ions increases using palygorskite as anadsorbent. Palygorskite showed better results than natural diatomite. Furthermore, the results obtained from different initial concentrations of Cu(II) and Ni(II) show that Freundlich and Langmuir isotherms can be used to fit the data and estimate model parameter. The adsorption kinetics of metals ions onto diatomite and palygorskite can be described by the pseudo-second-order model. The values of thermodynamic parameters showed that the adsorption of Cu 2+ and Ni 2+ was spontaneous and exothermic. According to the results of the pH effect, the maximum adsorption was detected at pH 4 for Cu 2+ (II) and pH 7 for Ni 2+ . The decrease of the adsorption capacity at higher values of pH is due to the precipitation of copper hydroxide Cu (OH) 2 and nickel hydroxide Ni(OH) 2 . The results of the present work confirmed that palygorskite prepared from Tunisian diatomite hasa good and important potential to be used as an efficient adsorbent to remove heavy metals from effluents. 
